In 2-d-old rice (Oryza safiva 1.) seedlings subjected to anoxic stress, pyruvate decarboxylase (PDC) activity increased 9-fold during a 168-h period. A polyclonal PDC antiserum that recognized a-and /3-subunits was used to quantify PDC protein by an enzymelinked immunosorbant assay and showed a 5.6-fold increase, suggesting that the anoxically induced enzyme has a higher specific activity than the PDC isoform present under normoxia. lmmunoblot analysis showed that levels of both PDC subunits were induced by anoxia. lmmunoprecipitation of proteins labeled in vivo during anoxic treatment demonstrated that the a-subunit was preferentially synthesized at the onset of anoxia. Two partial cDNAs, including a nove1 sequence, were cloned from a cDNA library made from seedlings subjected to anoxia for 6 h. Cene-specific probes used to quantify northern blots showed that two or three PDC mRNAs are differentially induced by anoxia in rice seedlings. Immunoprecipitation of in vitro translation products of mRNAs isolated at different times of anoxic treatment confirmed this finding. Our results suggest that anoxic induction of rice PDC involves transcriptional and posttranscriptional regulation of gene expression as well as differences in enzyme characteristics.
deprived of O*, the cytoplasmic pH decreases rapidly within 30 min from 7.6 to 6.9 (Xia et al., 1995) .
The sequence of events observed at the transition from air to anoxia supports the proposal that cytosolic acidosis activates PDC and initiates ethanol production. Thus, ethano1 synthesis is initiated after a lag of about 10 min and is preceded by a decrease in cytoplasmic pH and the synthesis of lactic acid (Roberts et al., 1984) . However, in rice seedlings, ethanol fermentation is initiated in the absence of a transient lactic acid accumulation . The rapid decrease in cytoplasmic pH (from 7.4 to 7.0 within 10 min) observed at the onset of anoxic stress is limited in rice shoots and is followed by partial realkalinization (Menegus et al., 1991) . The kinetic and hysteretic properties of purified rice PDC can explain, at least in part, the metabolic differences observed at the onset of anoxia (Rivoal et al., 1990) . The rice enzyme is able to function more efficiently than other plant enzymes at pH values close to neutrality. With respect to these properties, rice PDC resembles the enzymes from efficiently fermenting organisms such as yeast (Rivoal et al., 1990) .
Under long-term anoxia, PDC and ADH are part of a limited number of enzymes highly induced in rice and maize (Wignarajah and Greenway, 1976; Sachs et al., 1996) . Laszlo and St. Lawrence (1983) showed that this increased activity was associated with the de novo synthesis of PDC protein. The purification of PDC from various sources indicated the existence of two subunits of 58 and 59 kD in maize roots and 60 and 61 kD in maize kernels (Lee and Langston-Unkefer, 1985) , 62 and 64 kD in wheat (Zehender et al., 1987) and rice (Rivoal et al., 1990) , and 59 and 61 kD in yeast (Kuo et al., 1986) . However, the relationship between the different PDC subunits has not been thoroughly studied. Severa1 authors have suggested that smaller subunits are derived from the larger ones by proteolysis (Laszlo, 1981; Lee and Langston-Unkefer, 1985) . Zehender and Ullrich (1985) provided some evidence that proteolysis was unlikely to explain the existence of the two types of subunits in wheat. It is also unknown so far whether one or both PDC subunits are induced by anoxia.
At the genetic leve1 Kelley (1989) first isolated and sequenced a PDC cDNA from maize and found by northern analysis that it was induced anaerobically. From Southern Plant Physiol. Vol. 114, 1997 analysis, it was concluded that maize had a single gene encoding PDC. A single maize pdc genomic clone has thus far been sequenced (Kelley et al., 1991) . However, more recently, Peschke and Sachs (1993) isolated two maize cDNA clones with homology to the previously identified PDC cDNA. These clones probably represent two other pdc genes. The products of all three genes were induced by hypoxia. Each gene showed a characteristic induction pattern, but induction levels were not quantified. cDNA clones corresponding to two different pdc genes have been isolated from anaerobically treated rice suspensioncultured cells (pRcpdcl, Hossain et al., 1994a) and callus tissue (pRcpdc2, Huq et al., 1995) . The open reading frames encoded polypeptides of 65,066 and 64,301 D, respectively. The sequences of two pdc genomic clones have also been reported ( p d c l , corresponding to pRcpdcl, Hossain et al., 1996; and pdc3, Hossain et al., 1994b) . It was concluded that the latter sequence encoded a pseudogene, because it lacked introns and did not hybridize to northern blots of total RNA isolated from anaerobically induced or uninduced rice suspension-cultured cells (Hossain et al., 199413, 1996) .
In an effort to understand more completely the molecular mechanisms involved in long-term adaptation to O, deprivation in rice, we report here a study of the induction of PDC at the activity, protein, and mRNA levels. Antiserum raised against purified rice bran PDC cross-reacted with both a-and P-subunits and was used to study subunit synthesis and accumulation during anoxia. Two different cDNAs, representing PDCl and a nove1 PDC sequence, were cloned from a cDNA library made from seedlings that had been anoxically treated for 6 h. Gene-specific probes designed from these sequences as well as from the PDC2 sequence were used to determine the effects of anoxia on the steady-state levels of the different PDC mRNAs. We provide evidence that the enzyme present under anoxia has a higher specific activity and a different composition than the enzyme present in aerobic tissues. We show a differential induction of PDC subunits and transcript levels by anoxic stress in rice seedlings. These results suggest that PDC induction upon anoxia is regulated by a subtle interplay between transcriptional and posttranscriptional events.
MATERIALS A N D METHODS

Plant Material and Anoxic Treatment
Rice (Ovyza sativa L.) bran used for PDC purification was a gift from Sud Céréales (Montpellier, France). Inbred rice (O. sativa L. cv Cigalon) seeds were from the Union des Coopératives Agricoles de Semences de Provence (Arles, France). Seeds were surface-sterilized with commercial bleach as previously described (Ricard et al., 1986) . For protein extraction, batches of 10 to 20 seeds were then germinated in the dark for 48 h at 25°C in 100-mL Erlenmeyer flasks containing 10 mL of distilled water and vigorously shaken to ensure good aeration. For the extraction of total RNAs, batches of 200 seeds were germinated in 100 mL of distilled water in 500-mL Erlenmeyer flasks. Anoxic treatment was imposed by flushing the flasks under sterile conditions with a flow of pure nitrogen (less than 15 pL Lpl O,) at 5 L h-'. Treatment was ended by quickly freezing the seedlings in liquid nitrogen. They were then stored at -20°C until further use.
Enzyme Extraction and Assays
Batches of five seedlings were homogenized on ice in 200 mL of extraction buffer (50 mM Mes-NaOH, pH 6.2, 5 mM DTT, 1 mM MgCl,, and 1 mM TPP). The brei was centrifuged at 10,OOOg for 10 min and the supernatant was used immediately for enzyme activity, ELISA measurement, or PAGE analysis. PDC was assayed at 25°C in 50 mM MesNaOH, pH 6.2, 0.1 mM TPP, 0.5 mM MgCl,, 0.12 mM NADH, 3.3 mM sodium pyruvate, and 660 nkat of yeast ADH as described by Rivoal et al. (1990) using a spectrophotometer (Uvikon 930, Kontron, Montigny le Brettonneux, France). Protein was assayed using the method of Bradford (1976) using bovine y-globulin as a standard and a protein assay kit (Bio-Rad). A11 biological buffers and reagents used in enzyme assays were from Sigma or Merck (Darmstadt, Germany).
Protein Electrophoresis
SDS-PAGE and two-dimensional electrophoresis were performed as described previously (Ricard et al., 1986) . For the determination of subunit molecular mass, a mixture of molecular weight markers (catalog no. M-5505, Sigma) was used. The pI of PDC subunits was determined by cutting the first-dimension gel in 0.5-cm slices, incubating them for 1 h in 1 mL of 50 mM KCI, and measuring the pH of the incubation medium with a Tacussel microelectrode (modified from Ames and Nikaido [1976] ).
Native electrophoresis was modified from the method of Laszlo and St. Lawrence (1983) as follows: the running gel was a 5 to 15% (w/v) gradient acrylamide (with a 150:l ratio of acry1amide:bisacrylamide) containing 10% (v / v) glycerol, 0.3 M Tris-HC1 (pH 7), 0.08% (v/v) N,N,N',N'-tetramethylethylenediamine, and 0.036% (w / v) ammonium persulfate. The stacking gel contained 4.5% ( w / v ) acrylamide, 0.5% (w/v) bisacrylamide, 60 mM Tris-P (pH 5.5), 0.1% (v/v) N,N,N',N'-tetramethylethylenediamine, and 0.078% (w/v) ammonium persulfate. After the run was completed, PDC activity within the gel was visualized using a coupled-enzyme assay with ADH. The gel was incubated in a medium containing 0.1 M Mes-NaOH, pH 6.2, 1 mM MgCI,, 1 mM TPP, 20 mM sodium pyruvate, 0.2 mM NADH, and 300 nkat yeast ADH mLpl incubation medium. After 15 to 30 min, the gel was exposed to UV light. PDC activity bands appeared dark on a fluorescent background. subjected to preparative two-dimensional electrophoresis. The first dimension was according to the method of Laszlo and St. Lawrence (1983) and the second was SDS-PAGE. The second-dimension gel was stained with Coomassie blue R-250. Gel pieces containing both PDC subunits were cut out and stored at -20°C until further use. After a blood sample was obtained for preimmune serum, a rabbit was immunized with gel-purified PDC. Gel pieces containing 100 pg of protein were mashed and emulsified in complete Freund's adjuvant. Injections were given as described by Vaitukaitis (1981) . Two booster injections were given after 30 and 60 d with 100 kg of protein in incomplete Freund's adjuvant. Fifteen days after the final injection, blood was removed from the animal, and the serum was collected and stored at -20°C.
For immunoprecipitation experiments IgGs were affinity-purified as follows: 1 mL of crude PDC antiserum was applied to a column of protein A-Sephadex (1.5-mL bed volume) equilibrated in 10 mM Tris-HC1, pH 7.5. The column was washed with the same buffer until unbound material was totally eliminated. IgGs were eluted with 5 column volumes of 0.2 M Gly-HCl, pH 3. The eluate was neutralized with 1 N NaOH and concentrated to 5 mg mL-' (Centriflo CF-25 membrane, Amicon, Beverly, MA). Purified IgGs were stored in aliquots at -80°C.
lmmunological Techniques
For the immunoremoval of PDC, crude extracts containing identical amounts of PDC activity were incubated with various amounts of preimmune serum or PDC antiserum. After the antigen-antibody complexes were agitated for 30 min at 4"C, they were incubated for a further 15 min with protein A-Sepharose. The antigen-antibody complexes were pelleted and the PDC activity remaining in the supernatant was determined.
An ELISA test for the quantitation of PDC protein was developed according to the method of Robins et al. (1984) . One microgram of protein from crude extracts was fixed overnight in the wells of microtitration plates. Crude PDC antiserum (1 / 750 dilution) was then added for a 2-h incubation at 37°C. The antigen-antibody complexes were incubated with peroxidase-labeled anti-rabbit IgG (1 / 5000 dilution) for 10 min at 37°C. Color development was with 2,2'-azino-di(3-ethylbenzthiazoline 6-sulfonic acid) and H,O,. A,,, was determined with an ELISA plate reader (Titertek Multiskan, Flow Laboratories SA, Puteaux, France). The measurements used in this study were linear with respect to the amount of total protein in the wells and to the duration of the color development.
For western analysis, peptides were electrophoretically transferred to nitrocellulose membranes. Immunodetection was carried out by a reaction coupling the PDC antiserum with peroxidase-labeled anti-rabbit IgG. Visualization was with 4-chloronaphtol. AI1 immunochemicals were from Sigma.
Immunoprecipitation of in vivo-and in vitro-labeled proteins was done as described by Ricard et al. (1986) . Indirect immunoprecipitations of PDC peptides were carried out with affinity-purified IgG according to the method of Kopczynsky and Scandalios (1986) . Immunoprecipitates were analyzed by SDS-PAGE. Fluorography of radioactive polypeptides was done according to the method of Laskey and Mills (1975) .
cDNA Cloning and D N A Sequencing
Total RNA was prepared from 200 rice seedlings subjected to anoxia for 6 h according to the method of LarocheRaynal et al. (1984) . A A-ZAP I1 cDNA library was constructed from poly(A)+ RNA using standard procedures (Sambrook et al., 1989) . Positive clones were identified by probing with the PDC polyclonal antiserum described above. The rescued recombinant plasmid harboring the largest insert (1776 bp) contained a partial PDCl sequence corresponding to nucleotides 415 to 2128 of the published rice PDCl cDNA (Hossain et al., 1994a) but with a 3' extension of 57 bp. This insert, designated PDCl', was used to rescreen the library for additional clones.
Of seven positive clones sequenced, two were shorter versions of the PDC1' cDNA described above and five partial sequences corresponded to a nove1 cDNA designated PDC4. Two of these clones were subsequently used in this study: one had a 273-bp insert corresponding to the PDC4-3' UTR and encompassing nucleotides 1908 to 2128 of the published PDCl cDNA (Hossain et al., 1994a ) and the longest partial PDC4 sequence (856 bp). A clone containing the 3' UTR of PDC2 (185 bp) was obtained by nested reverse-transcription PCR from total RNA of rice seedlings subjected to 6 h of anoxic treatment. Specific primers corresponded to nucleotides 1646 to 1663, 1943 to 1963 , and 2108 to 2128 of the published rice PDC2 sequence (Huq et al., 1995) . A11 of the sequences were verified by double-stranded sequencing using a kit (Sequenase, version 2.0, United States Biochemical) according to the manufacturer's instructions.
Northern and Southern Analyses
Total RNA was extracted as described above from 200 rice seedlings subjected to O, 3, 6, or 24 h of anoxia. Genomic DNA was extracted from green leaves according to the method of Dellaporta et al. (1983) . Total RNA or the products of DNA digested with restriction enzymes were separated on 1% agarose/ formaldehyde or 1% agarose gels, respectively, and then transferred by capillary action onto membranes (Nytran, Schleicher & Schuell). DNA sequences obtained by PCR from the cDNAs described above and the insert from pRR217 containing a rice rDNA sequence were labeled with [ C X -~~P ]~C T P by random priming and used as probes. Prehybridization and hybridization were carried out under stringent conditions at 65"C, as described previously (Sambrook et al., 1989) . After the hybridization reaction filters were washed twice for 30 min each time at 65°C with 0.1x SSC plus 0.1% (w/v) SDS. Filters were exposed to radiographic film using intensifying screens at -80°C. Northern blots and slot blots containing 10 pg of total RNA were quantified by densitometry (Ultroscan XL, LKB). The results were normalized to the hybridization levels in air. 
Induction Kinetics of PDC Activity under Anoxia
PDC activity was measured in crude extracts of rice seedlings grown for 2 d under aerobic conditions and during the course of a 168-h anoxic treatment (Fig. 1 ). An induction in PDC activity was detected after 3 h of anoxia. PDC activity increased rapidly during the first 24 h of treatment. Activity continued to increase at a slower rate during the subsequent 144 h of anoxic treatment, to reach a 9-fold increase over the initial level. In the absence of anoxic treatment, there was no change in PDC activity for up to 192 h (data not shown). PDC induction was also visualized by activity staining after native PAGE analysis of crude extracts (Fig. 1, inset) . A single diffuse activity band was detected. The intensity of the band increased with the duration of treatment.
Induction of Two PDC Subunits under Anoxia
An antiserum was raised against PDC purified from rice bran. In preliminary tests, this antiserum was shown to cross-react with an equal efficiency to the 62-and 64-kD subunits of purified rice bran PDC (data not shown). This serum was also able to immunoprecipitate 100% of PDC activity present in rice seedlings grown for 2 d under aerobic conditions or subjected to 72 h of anoxic treatment after 2 d of aerobic germination (data not shown). These preliminary results demonstrated that the PDC antiserum could be used to quantify the levels of PDC protein during the course of the anoxic treatment.
The level of PDC protein determined by ELISA (Fig. 2 ) increased upon transfer to anoxic conditions. The induction of PDC protein generally followed that of PDC activity, with a rapid increase during the first 24 h of treatment and a slower increase thereafter. However, the overall increase in PDC protein was significantly less than that of PDC activity. This became more noticeable with longer anoxic treatment. For example, at 168 h of anoxia, enzyme protein increased 5.6-fold, whereas activity increased 9-fold. Thus, PDC specific activity calculated from the data shown in Figures 1 and 2 increased steadily during the treatment, with a 1.6-fold increase between 0 and 168 h. Proteins from rice seedlings were extracted and subjected to immunoblot analysis with the PDC antiserum (Fig. 2, inset) . In normoxic conditions, a major polypeptide (the a-subunit) with a relative molecular mass of 64 kD was present, whereas a second polypeptide (the /3-subunit) with a relative molecular mass of 62 kD was barely detectable. These polypeptides correspond to the previously identified rice PDC subunits (Rivoal et al., 1990) . Upon transfer to anoxia, the intensity of the a-subunit increased. The /3-subunit also increased, to become clearly detectable after 3 h of treatment. Its steady-state continued to increase throughout the treatment, unlike that of the a-subunit, which reached a plateau after 24 h of anoxia. Overall, the immunoblot analysis indicates that the /3-subunit of PDC contributes the most to the increase in PDC protein under long-term anoxia. The a-subunit, however, remained dominant during the first 6 h of treatment.
The Two PDC Subunits Have a Different Pattern of de Novo Synthesis during Anoxic Treatment
To further investigate the changes in PDC protein level, rice seedlings were labeled in vivo with [ 35 S]Met for 2 h under normoxic conditions or after 1, 4, 22, and 70 h of anoxia. Extracts containing equal amounts of TCAprecipitable radioactivity were subjected to immunoprecipitation with the PDC antiserum and the immunoprecipitates analyzed by SDS PAGE and fluorography (Fig. 3) in vivo synthesis of the two PDC polypeptides was strongly induced by anoxia, but their kinetics of induction were different. Both a-and /3-subunits were labeled after 3 h of treatment. The synthesis of the a-subunit peaked at 6 h of treatment and declined noticeably thereafter; the synthesis of the /3-subunit continued throughout the treatment and was even clearly detectable after 72 h of anoxia. Densitometric analysis of the fluorogram shown in Figure  3 permitted quantification of these results. After 3 h of anoxia the two subunits were synthesized in near-equal amounts (a:j3, 1.2:1), whereas at 6 h two a-subunits were synthesized for every /3-subunit (a:/3, 1.8:1). At 24 h the ratio was reversed (a:j3, 0.5:1). Analysis of the immunoprecipitates using twodimensional electrophoresis (not shown) confirmed these findings and indicated, in addition, that a-and /3-subunits had pis of 6 and 6.2, respectively. These data demonstrate that PDC is a typical ANP in rice seedlings, since its synthesis is dramatically induced by anoxic treatment. An important finding of the above experiments is that the two PDC subunits do not follow the same induction pattern. A difference in the transcription and/or translation level of the mRNAs corresponding to the PDC subunits could be responsible for our results. However, it is also possible that a precursor/product relationship existed between the two subunits, as has been hypothesized for maize (Laszlo, 1981; Lee and Langston-Unkefer, 1985) . In an attempt to clarify this issue, we studied the in vitro translation products of mRNA corresponding to the different anoxic treatments by immunoprecipitation.
PDC mRNAs Are Differently Induced under Anoxia
RNA was purified from normoxic or anoxic rice seedlings. Total RNA was subsequently used to program protein synthesis in the presence of [ 35 S]Met in a rabbit reticulocyte lysate. The PDC polypeptides were immunoprecipitated and analyzed by SDS-PAGE and fluorography (Fig. 4 ). Anoxia enhanced the steady-state level of the mRNA corresponding to the PDC polypeptides. The level of the mRNA corresponding to the a-subunit increased transiently, from being weakly detectable at 0 h of anoxia to increasing significantly between 1 and 6 h of anoxic treatment. It was undetectable in the 24-h sample. In contrast, the mRNA corresponding to the /3-subunit was absent under normoxia but present at all of the considered times in anoxic conditions. Densitometric analysis of the fluorogram shown in Figure 4 confirmed these results. Whereas nondetectable under normoxia, the /3-subunit was twice the a-subunit level at 1 and 6 h and 10-fold higher at 24 h. These results indicate that the two PDC subunits are encoded by separate mRNAs, ruling out the possibility of a precursor/product relationship between them. These data also show that the different PDC mRNAs are differentially induced under anoxia.
Isolation and Sequence of a Novel PDC cDNA from Anoxic Rice Seedlings
To address the differential induction of rice PDC mRNAs at the gene level, we constructed a A-ZAP II cDNA library of poly(A) + mRNA prepared from 2-d-old rice seedlings subjected to 6 h of anoxia. A number of independent PDC cDNA clones were obtained. Sequence analysis of the inserts revealed that they fell into two closely related groups of partial PDC sequences. One group, PDC1', had a sequence identical to pRcPdcl, which was previously shown to encode the pdcl gene from rice (Hossein et al., 1994a (Hossein et al., , 1996 , except for a 57-bp extension of the 3' UTR. Since this extension is present on the pdcl gene (Hossein et al., 1996) , the two mRNAs may reflect the existence of multiple polyA addition sites. Alternatively, pRcPdcl could be truncated at the 3' end or PDC1 mRNA may be processed differently in cell cultures and seedlings (Messing et al., 1983) . Another possibility is that the two PDC1 transcripts represent two different alleles of pdcl. The sequence of the second group, PDC4, was clearly different from that of pRcPdcl and from the recently reported pRcPdc2 encoding the pdc2 gene (Huq et al., 1995) . In Figure 5A the nucleotide sequence of PDC1' and PDC4 is compared with pRcPdcl and with the 3' UTR of pRcPdc2. A comparison of predicted amino acid sequences is shown in Figure 5B . In the coding region covered by the clone, PDC4 is 96 and 95% identical to pRcPdcl in nucleic acid and amino acid sequence, respectively. This compares to the 90% identity between rice PDC1 and the maize PDC mRNA (Kelley, 1989) (not shown). The high degree of sequence similarity in the coding regions followed by greater divergence in the 3' UTRs indicates that PDC1 and PDC4 represent two closely related but different pdc genes.
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Hours under Anoxia Figure 4 . In vitro translation products of PDC transcripts during a transfer from normoxic to anoxic conditions. Total RNA extracted from rice seedlings subjected to 0, 1, 6, and 24 h of anoxia were used to program protein synthesis in rabbit reticulocytes in the presence of | 35 S]Met. PDC polypeptides were immunoprecipitated and analyzed as described in Figure 3 . Repeat experiments gave similar results. , 1995) cDNAs. The DNA sequence of PDCl is given, with the numbering corresponding to the complete sequence. The sequence of PDCl' is identical to that of PDC1 except for the 3' extension. Differences found between PDC4 and PDC1 are given starting from nucleotide 1342. Differences found among PDCl, PDC1', and PDC2 are given starting from nucleotide 1900. Conserved nucleotides are indicated by a dot. A hyphen indicates a base missing from one sequence with respect to the others. Stop codons are underlined. Bases in italics show the sequences used for the PCR amplification of the PDC2-3' UTR. B, The predicted amino acid sequences for PDC2, PDC4, and PDC3 (accession no. U07338: Hossain et al., 1994b ) are compared with that of PDCL Conserved amino acids are indicated by a dot. A hyphen indicates an amino acid missing from one sequence with respect to the others.
Number of pdc Genes Expressed in Rice
To determine the number of pdc genes expressed in rice, DNA prepared from green leaves of rice plants was digested with the restriction enzymes EcoRI and Hindlll. After separation on a 1% agarose gel, the DNA fragments were transferred to membranes by capillary action. The blots were probed with the entire PDCl' sequence of 1776 bp (Fig. 6A) , a 273-bp sequence from the 3' UTR of PDC4 (Fig. 6B) , and a 185-bp fragment encoding most of the PDC2-3' UTR (Fig.  6C) . The PDCl'-coding sequence is highly homologous to all known PDC sequences in rice and should therefore be a general probe for detection of pdc genes. The two 3' UTR sequences were designed to distinguish between pdc2 and pdcl or pdc4. The PDCl' and PDC4 sequences were too similar for gene-specific probes to be designed (B. Ricard, sequence comparisons and unpublished data). Examination of the 3' UTR of the presumptive pdc3 pseudogene described by Hossain et al. (1994b) reveals less than 50% identity with the UTRs of PDCl', PDC4, and PDC2. Since a radiolabeled sequence from the 5' end of the presumptive pdc3 pseudogene did not hybridize with northern blots of total RNA isolated from anaerobically induced rice suspensioncultured cells (Hossain et al., 1994b) and seedlings (Hossain et al., 1996) , we did not expect the PDC4-3' UTR to hybridize with the pseudogene under the high-stringency conditions used in our experiments.
Three major hybridizing bands, a doublet of about 8 kb and a single band of about 5.5 kb, were detected in the EcoRI digest of rice genomic DNA when the PDCl'-coding sequence was used as a probe (Fig. 6A) . Genomic sequences of pdcl and pdc3 do not contain EcoRI or Psfl sites and should therefore be located on single EcoRI fragments.
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A B C Figure 6 . Southern-hybridization analysis revealed a small pdc gene family. DNA from rice leaves was digested with the restriction enzymes EcoRI and H/ndlll and loaded in lanes E and H, respectively, of a 1% agarose gel. Blot A was probed with the PDC1' sequence, including the 3' UTR and 1440 bases of the coding region, blot B was probed with a 273-bp sequence from the PDC4-3' UTR, and blot C was probed with a 185-bp sequence from the PDC2-3' UTR. Figure 7 . Effect of anoxia on the steady-state levels of PDC transcripts. Total RNA was extracted from 2-d-old rice seedlings transferred to anoxia for 0, 1, 6, and 24 h. For northern analysis, samples containing 10 /xg of total RNA were separated on 1% agarose/ formaldehyde gels and then transferred by capillary action to membranes. Blots were hybridized with J2 P-labeled probes as follows: A, PDC1' sequence including the 3' UTR and 1440 bases of the coding region; B, a 273-bp sequence from the PDC4-3' UTR; C, a 185-bp sequence from the PDC2-3' UTR; and D, a rice rDNA sequence (pRR217) used as a control of relative loading.
The sequence of genomic pdc2 is not yet published and could potentially be found on more than one EcoRl fragment. Use of the PDC4-3' UTR probe showed that the pdcl and pdc4 genes are both located on the smallest fragment of the 8-kb EcoRl doublet (Fig. 6B ) and that the 3' end of pdc2 is found on a 5.5-kb EcoRl fragment (Fig. 6C) . The third strongly hybridizing EcoRl fragment could correspond to another pdc gene or to the 5' end of pdcl. At least five hybridizing bands, two more intense than the others, were detected in the Hindlll digest of rice genomic DNA probed with the PDC1 '-coding sequence (Fig. 6A) . A single Hwdlll fragment of about 6 kb was detected by the PDC4-3' UTR probe (Fig. 6B) ; the 3' end ofpdcl is located on the strongly hybridizing band slightly above (Fig. 6C) . These results are in general agreement with those found by Southern analysis done by Hossain et al. (1996) . Genomic DNA digested with Psfl and EcoRl was probed with seven different gene sequences. Four major hybridizing bands were seen in the EcoRI-digested DNA with a general probe, corresponding to our results except that the smallest fragment was resolved into two bands. These two bands were concluded to correspond to the entire pdc3 gene (isolated on a 6.1-kb EcoRl fragment) and the 3' end of the pdc2 gene. Five different-sized fragments were detected in the Psfl digests; four could be accounted for by pdcl, pdcl, and pdc3. Hossain et al. (1996) concluded from these results that there are more than three pdc genes, as is probably the case in maize as well (Peschke and Sachs, 1993) . Our results suggest that, in addition, one other closely related pdc gene is likely to be in close proximity (perhaps tandem) to pdcl on the genome, since the PDC4-3' UTR detects a single band in the EcoRl digest. This could reflect a recent gene duplication. An alternative explanation for the origin of PDC4 would be the editing of the PDC1 mRNA; however, mRNA editing has not been described for nuclear-encoded plant genes.
Quantification of PDC Transcripts by Northern Analysis
The various probes described above were used on northern blots of total RNA extracted from seedlings subjected to 0, 1, 3, and 24 h of anoxia (Fig. 7) . A signal corresponding to a 2.4-kb transcript could be detected with each probe. The steady-state levels of the PDC transcripts were quantified from these experiments (Table I) . For all of the transcripts, there was a rapid increase in the first 3 h of anoxia and a decrease by 24 h of treatment (Fig.  7A) . Use of specific gene probes (Fig. 7, B and C) showed that PDC1 plus PDC4 and PDC2 have similar induction patterns. The increase in the steady-state levels of the transcripts of pdc genes precedes the increases in activity and protein steady-state levels. PDC activity and protein levels continue to increase up to 168 h of anoxia, whereas message levels start to decrease after 3 h. The discrepancy between mRNA steady-state levels and protein or activity levels is generally attributed to posttranslational regulation (Gallic, 1993) .
CONCLUSIONS Transcriptional Regulation of PDC Expression
In this paper we present the results of a quantitative study of the various components involved in the anoxic induction of PDC in rice seedlings. We demonstrate that mRNA levels of at least two pdc genes are anoxically induced in rice seedlings. mRNA steady-state levels reflect both the rate of synthesis and degradation. Both processes have been shown to be affected by anoxia. Anoxia increases transcription of the two adh genes in maize (Rowland and Strommer, 1986; Paul and Ferl, 1991) and of the genes encoding Sue synthase (Ricard et al., 1991) , ADH, and glyceraldehyde 3-phosphate dehydrogenase (B. Ricard, unpublished results) in rice. mRNAs encoding the ANPs ADH1 and GAPC3 show increased stability in response to anoxia (Russell and Sachs, 1992) . Two partial cDNA clones, PDC1' and PDC4, were isolated from anoxically treated rice seedlings. These sequences are very similar to each other, and PDC4 appears to be the product of a novel pdc gene in rice.
To study the transcript levels of the pdc genes we first analyzed their translation products. The results indicate similar induction kinetics of the genes corresponding to the The relative levels were quantified from densitometry of northern and slot blots hybridized with the various probes described in Figure  6 . The data are the means ± SE of at least three independent repetitions and are expressed relative to 0 h of anoxia. two subunits, at least during the initial phase of anoxic induction. One of the messengers continues to be translatable up to 24 h of anoxia, whereas the other is no longer detectable. Northern analysis is broadly consistent with these results. The high level of sequence similarity between PDCl' and PDC4 did not allow us to generate a probe that would differentiate between the induction of these two mRNAs. However, the PDC4 sequence was found at a higher frequency than PDC1' in our 6-h anoxia cDNA library, indicating that the PDC4 mRNA could be the most abundant at that time. We also showed a rapid increase in the steady-state levels of PDCl plus PDC4 and PDC2 messengers. In view of the rapid (within 1 h) accumulation of PDC mRNA under anoxia and the known transcriptional activation of other rice ANPs (see above), it is reasonable to hypothesize that the primary effect of anoxia on the expression of the pdc genes occurs at the transcriptional level.
Posttranscriptional Regulation of PDC Expression
The increase in PDC messenger levels detectable after 1 h of anoxia is followed by an increase in PDC in vivo synthesis, protein levels, and enzyme activity detectable after 3 h of anoxia. However, messenger levels start to decrease after 3 h of anoxia, whereas PDC activity and protein continue to increase. Mechanisms to explain this include long enzyme half-lives compared with mRNA half-lives and/or changes in enzyme characteristics. PDC protein turnover may be slow in O,-deprived rice seedlings, as has been observed for ADHl in maize roots (Fennoy and Bailey-Serres, 1995) . Our present experiments do not allow us to assess the importance of changes in protein turnover during anoxia. However, they do provide evidence for a change in enzyme characteristics. Our data demonstrate that anoxically induced PDC has a different subunit composition and a higher specific activity than the isoform present in normoxia.
The differential induction by anoxia of distinct enzyme subunits is a general characteristic of rice ANPs. For glyceraldehyde 3-phosphate dehydrogenase and ADH, distinct subunits and isozymes have been shown to be differentially induced under anoxic stress (Ricard et al., 1986 Rivoal et al., 1989) . It has been postulated that isozymes induced by anoxia may have characteristics different from those present in aerobic tissues and adapted to anoxia . Morrell et al. (1990) have shown changes in PDC enzyme characteristics in both wheat roots and rice coleoptiles transferred from anoxic to aerobic conditions and vice versa. These changes indicated differences in the control of enzyme activity, a11 related to changes in cytoplasmic pH. The molecular basis for such changes, however, is still unknown. Our results show that under normoxia rice PDC is composed of the a-subunit (Fig. 2) . After 48 h of anoxia, PDC is predominantly composed of the P-subunit (Fig. 2) . Rice bran PDC purified to homogeneity is also composed predominantly of the P-subunit and was shown to be particularly adapted to function under anoxic conditions (Rivoal et al., 1990) . If the p-subunits present in rice bran and in anoxic seedlings are the same gene product, there would be a molecular basis for the changes in enzyme characteristics observed by Morrell et al. (1990) . It is already clear from our results that the P-subunit is responsible for a higher specific activity of the enzyme. It is tempting to hypothesize that the change in subunit composition confers upon rice seedlings the capacity to carry on an active ethanolic fermentation during prolonged periods of anoxia. To our knowledge, such a correlation between anoxic induction and activity adapted to anaerobic conditions has not been reported so far for any ANP. However, further research is needed to assign the subunit to a gene in this system.
Taken as a whole, our results suggest that induction of PDC by anoxia in rice seedlings is the result of a complex interplay among transcriptional activation of pdc genes, changes in mRNAs half-lives, and differential synthesis of PDC subunits with consequent modulation of enzyme characteristics.
